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Abstract  
Metal matrix composites (MMCs) consisting of two or more physically/chemically distinct phases are potential material for 
aerospace, automobile, defense, sport and research industries. Aluminum Matrix Composites (AMCs) reinforced with ceramic 
materials such as SiC, Al2O3 etc. is attractive material for modern industrial sectors consequent to the increasing demand for new, 
light-weight materials having greater mechanical strength. Such materials are termed as hybrid aluminum matrix composites 
(HAMCs). The industrial use of HAMCs in fabrication of structural components, in manufacturing sectors calls for drilling 
operation. Drilling facilitates assembly of composite parts and derives better machining rate with an improved surface finish.  In 
the present study attempt has been made to examine the effect of drilling parameter on AMCs and HAMCs materials of 6070 Al 
alloy. The response parameters considered are MRR (mm3/min), oversize (mm) and surface roughness (micron). The 
mathematical models have been proposed for modeling analysis of the effect of drilling parameter on the performance through 
response surface methodology (RSM). A central composite design FCC(α=1) involving three  process parameters viz. speed 
(rpm), feed (mm/rev) and point angle (degree) with three level each has been employed to establish a mathematical model 
between the process parameters and responses. The separable influence of individual process parameter and their interaction are 
investigated by using ANOVA. The result of ANOVA indicates that the AMCs have good machinability as compared with 
HAMCs. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Gokaraju Rangaraju Institute of Engineering and Technology (GRIET). 
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1. Introduction 
    A composite material is a system composed of a mixture or combination of two or more macro constituent of 
different form or materials composition and that are essentially protects them chemically and thermally. The normal 
view is that the properties of the matrix are improved on incorporating another constituent to produce a composite. 
The second constituent referred as reinforcing phase or reinforcement, as it enhances or reinforces the mechanical 
properties of the matrix.  
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These are the key materials in industrials application owing to their remarkable multiple function characteristics 
such as improved strength, high hardness, low weight and good thermal conductivity Mortensen and Clyne (2000). 
The hybrid metal matrix composites (HMMCs), in which most of the composites is made of Al/SiC metal matrix 
composites and monolithic super plastic aluminum alloy, are fabricated by hot pressing. It can be very useful in 
practical usage when more lightening and practical machining is required. Cylindrically hybridized rods and layer-
hybridized blanks were used to investigate the workability of the HMMCs under compressive and tensile stress. The 
mechanical behavior of HMMCs has been studied for unidirectional reinforced in two different states with a weakly 
bonded interface and the other with a strong interface. Similarities and contrasts in mechanical behavior have been 
related to the properties of the interface. This study illustrates how the tailoring of interfacial properties can improve 
the mechanical performance of composites for certain structural application, Gupta and Surappa (1997).  
     The fabrication of metal matrix materials may be considered in two stages. the fabrication of the composite 
material from base metal and fiber reinforcement and the subsequent fabrication of laminates from the composite 
material. In some cases, the two steps occur simultaneously depending on the final material product desired and the 
method of fabrication used in the process, Carolene et al. (2000).  The choice of methods used to fabricate a 
composite material depends on the mechanical and chemical properties of the reinforcement and matrix, the fiber 
length and size, the fiber packing, and the desired fiber config.uration. Furthermore, it is necessary to know the 
thermodynamics and kinematics of possible fiber matrix reactions and service temperatures to which the composites 
are subjected to.  
 
2. Literature review 
 
     Drilling, a  metal  removal  process  is  important  for  the  final  fabrication  stage  prior  to  application.   In  
conventional  machining,  drilling  is  the  most  applied  method  accounting  for  over  40%  for  all  materials  
removal  processes, Tsao and Hocheng (2007). The operation is fundamentally used in the manufacturing industry to 
drill holes especially in sheet metal parts, Godfrey and Onwubolu (2008). Drill’s  wear  is  a  serious  concern  in  
hole making  industry, as  it  is  necessary  to  prevent  damage  of  cutting  tools, machine  tools  and  work pieces, 
Tsao and Hocheng (2007). The coated  carbide  cutting  tools  perform  better  than  uncoated  carbide  cutting  tools  
for  all  machining conditions  in  terms  of  tool  wear including in metal matrix composites (MMC), Cifti et al. 
(2003). The  drilling  tests  on  Al  alloy  AA2618  reinforced  by  SiC  particles  with  Vf=15%  confirm  that  Poly 
Crystalline Diamond (PCD)  tipped  drilling  tools  are  effective  over  a wide range  of  cutting  condition and the  
only  realistic  option in  large  batch. Also, mass production and cutting speed are not significant factors affecting 
the tool life in such cases. It is also found that the thrust force decreases at higher speeds resulting in higher drill 
wear. The wear of the drill edge is another problem when drilling MMC materials. The drilling speed does not affect 
the drill life. However, under higher  feed  rates  allowed  for  a  higher  number  of holes per drill, with increase in 
drilling  speed, the  wear  of  WC  drill accelerates.  Nevertheless, there is no effect of drilling speed on the wear of 
PCD twist drill in the range of 15-300 m/min. The  influence  of  cutting  parameters  on  the  drilling  characteristics  
of  have been discussed, Karnik et al. (2008). In case of  hybrid MMCs, Al2219/15%SiC and Al2219/15%  SiCp-3% 
Gr  the drilling tests conducted with carbide and coated carbide tools indicates that the  surface  roughness  
decreases  with  the  increase  in  cutting  speed  whereas it increases  with  the increase  in feed  rate, Carolene et al. 
(2000) and Karnik et al. (2008). Similarly, experiments  on  the  effect  of  spindle  speed  and  feed  rate  on  feed  
force, surface  finish  and  burr  height  using  solid  carbide  multiphase  drills  of  5mm  diameter reveal  that  the  
dependent  variables  are greatly influenced by  the feed  rate rather  than the speed in both the composites, 
Basavarajappa et al. (2007).  
        Carbon fiber reinforced  plastic (CFRP) are highly  promising  materials  for  the  application  in  aeronautical  
and  aerospace  industries, Karnik et al. (2008). Mathematical  model  for  correlating  the  interaction  of some  
drilling  control  parameters  such  as  speed, feed rate and drill diameter  and  their  effect  on  some response such 
as  axial  force and  torque  acting  on the cutting  tool have been produced by  means  of  response  surface  
methodology (RSM), Gupta and Surappa (1997). These  mathematical  models have been to be very useful  not  
only  for predicating  optimum process  parameters  for  achieving  the  desired  quality  but  also for  process  
optimization. Scanning electron microscope (SEM) is in general used to analyze the surface of the composites, 
Basavarajappa et al (2006). 
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3. Materials and Method 
 
    In  the  present  investigation, 6070 Al  alloy  is  taken  as  the  matrix  material  and  powder  form  of Al2O3  of   
particle size  (45μm) and  Graphite (20μm) as  a  reinforcement  material. The materials are of Pioneer Company, 
New Delhi.  The weight of the reinforcement was calculated by formula.     
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Where. - Mp = weight of particulate 
 Mm = weight of material 
   ρp = Density of particulate 
                          ρm = Density of material 
 
3.1 Synthesis and fabrication of sample 
 
      In the present work, the work materials are processed by one of the widely used liquid processing stir casting 
technique. In this technique mixing are generally used for introducing and homogeneously dispersed discontinuous 
phase in a melt adding particles to a vigorously agitated fully / partially melted alloy. The uniformity of particle 
dispersion in a melt before solidification is controlled by removing initial clustering of the particles in the loose 
powder state and the dynamic of the particle movement is agitated liquid. In stir  casting  process, the  vortex  is  
method which is  one  of  the  better  known  approaches  used  to  create  and  maintain  a  good  distribution  of  the  
reinforcement  material  in  the  matrix  alloy, Basavarajappa et al. (2007).  
 
      For casting process, the furnace temperature was first raised above 750°C which is the material’s melting 
temperature, to melt the alloy completely, which was then cooled down just below the liquid Us temperature to keep 
the slurry in a semi solid state. At this stage the preheated SiC particle were added and mixed manually. The  stirring  
was  continued  for  a  few  minutes  before  the  slurry  was  cast.  The determination of the optimized cutting 
parameters is a very important process by which both minimum surface roughness values and long tool life is 
obtained. The feed rate, depth of cut and cutting speed which affects the surface roughness Ra and flank wear has 
been selected. The cutting speed which greatly influences tool life and cutting forces is carefully set to machine the 
work piece within a broad range. The low cutting speed, increase of the contact area and shear strength at sheared 
zone induces greater cutting forces. A pedestal drilling machine with SK4 model was used to drill the work 
specimens. The tool materials was TiN (Titanium Nitride coated drill) with 12mm dia. Tool type, manufacture and 
geometric information for drilling tools are given in Table 1.  
 
      The test are performed for different dry cutting speed (110, 150, 220, 280, 310, 340, 390, & 960 rpm) and feed 
rate (0.250, 0.075 & 0.17 mm/rev). The work piece materials used for drilling operation were rectangular in size 
(197mm×108mm×20mm) and casted of HAMCs (Al/Al2O3/20%/5% Gr) and AMCs (Al/Al2O3/20%). The 
experiments were conducted on the work pieces using, the speed of 110 rpm, 220 rpm, 280 rpm, feed rate of 0.250 
(mm/rev), 0.075 (mm/rev), 0.170 ( mm/rev) and  point angle of  110○,  118○, 120○. Drills with titanium nitride 
coated were used to cut holes in 20mm thick AMCs & HAMCs discs. Experiments were repeated twenty times for 
each work piece (AMCs & HAMCs). Measurement of material removal rate, oversize and surface roughness were 
recorded for every drilling operation. The oversize measurements were performed on the digital vernier caliper and 
surface roughness measured on the surface tester.  
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Table 1. Tool type, manufacture and geometric information for drilling tools 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2 Selection of levels for process variables and design matrix of RSM 
       
      The process parameters and their levels have been decided on the basis of manufacturing condition of a drilling 
machine and experiment carried out. The three controllable parameters level and design matrix are given below in 
the Table 2. 
 
Table 2. Selection of factor and level 
 
Process parameters Parameter Designation LEVELS 
LOW (-1) HIGH (+1) 
Speed (RPM) N 110 280 
Feed (mm/rev) f 0.075 0.250 
Point Angle (degree) PA 110○ 120○ 
 
 
3.3 Analysis of variance test for regression 
 
     The analysis of variance frequently referred to ANOVA is a statistical technique to test whether the means of 
more than two quantitative populations are equal. 
 
     
 
Exp 
No 
Coated Uncoated Responses 
Speed 
(rpm) 
Feed 
(mm/re
v) 
Point 
angle 
(°) 
Speed 
(rpm) 
Feed 
(mm/re
v) 
Point 
angle 
(°) 
MRR 
(mm3 
/min) 
S.R  
(μm) 
O.S 
(mm) 
1.  -1 1 -1 110 0.250 110 75.360 3.665 0.080 
2.  -1 -1 -1 110 0.075 110 41.68 2.216 0.135 
3.  0 -1 0 220 0.075 118 107.65 2.567 0.025 
4.  0 0 0 220 0.170 118 159.84 1.698 0.025 
5.  0 0 0 220 0.170 118 160.24 1.725 0.030 
6.  1 -1 1 280 0.075 120 118.98 2.973 0.035 
7.  1 0 0 280 0.170 118 150.72 0.524 0.040 
8.  0 1 0 220 0.250 118 188.40 1.605 0.030 
9.  0 0 0 220 0.170 118 170.40 1.726 0.035 
10.  0 0 1 220 0.170 120 160.72 2.332 0.060 
11.  1 -1 -1 280 0.075 110 94.24 2.668 0.130 
12.  0 0 0 220 0.170 118 176.76 1.942 0.030 
13.  -1 0 0 110 0.170 118 83.73 0.948 0.035 
14.  1 1 1 280 0.250 120 226.08 1.083 0.035 
15.  1 1 -1 280 0.250 110 150.72 1.954 0.070 
16.  0 0 0 220 0.170 118 165.90 1.856 0.040 
17.  -1 -1 1 110 0.075 120 61.100 2.082 0.025 
18.  -1 1 1 110 0.250 120 107.65 2.531 0.050 
19.  0 0 0 220 0.170 118 164.63 1.958 0.045 
20.  0 0 -1 220 0.170 110 132.98 2.492 0.143 
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 R- Squared. A measure of the amount of variation around the mean explained by the model. 
 
 ܴଶ ൌ ͳ െ ௌௌ௥௘௦௜ௗ௨௔௟ௌௌ௥௘௦௜ௗ௨௔௟ାௌௌ௠௢ௗ௘௟ 
 
     Adj R-Squared. A measure of the amount of variation around the mean explained by the model, adjusted for the 
number of terms in the model. The adjusted R- Squared decrease as the number of terms in the model increase, if 
those additional terms don’t add value to the model 
 
ܣ݆݀ܴଶ ൌ ͳ െ ܵܵݎ݁ݏ݅݀ݑ݈ܽȀܦܨݎ݁ݏ݅݀ݑ݈ܽሺܵܵ݉݋݈݀݁ ൅ ܵܵݎ݁ݏ݅݀ݑ݈ܽሻ ൅ ሺܦܨ݉݋݈݀݁ ൅ ܦܨݎ݁ݏ݅݀ݑ݈ܽሻ 
 
     Pre R- Squared. A measure of the amount of variation in new data explained by the model. 
   
ܲݎ݁݀ܴଶ ൌ ͳ െ ܴܲܧܵܵܵܵݐ݋ݐ݈ܽ ൅ ܾ݈ܵܵ݋ܿ݇ 
4. Result and Discussion 
 
    The drilling process are performed on both (Al/Al2O3p/20%) as well as (Al/Al2O3p/20%/Gr/5%) samples with drill 
size 12 mm and drill angles 110°, 118°, 120°. The experiment was conducted on three parameter speed, feed, and 
point angle and their responses for material removal rate, surface roughness, and oversize. The results of different 
experimental investigation carried out under the present study are given below in tables, graphs and response 
analyses.  
 
4.1 Analysis of MRR for HAMCs plate 
      
      The fitness an adequacy of the model was judged by the coefficient of determination (R2) and the significance of 
lack-of–fit. R2 which was defined as the ratio of the explained variation to the total variation was a measure of the 
fit. The coefficient of determination, Variation to the total variation was a measure of the fit. The coefficient of 
determination R2 was 0.9774 for the regressed model predicting the material removal rate (MRR). The “Pred R-
Squared” of 0.8262 was in reasonable agreement to the “Adj R-Squared” of 0.9571 “Adeq Precision” of 24.57 
indicate about the adequacy of the model .The F- value for the model was 48.43 which is greater than tabulated F 
Value tabulated F value indicating the adequacy of the model to predict material removal rate at different extraction 
(P<0.0500).Data from indicate that the lack of fit was not found significant. In the model, speed (A), feed (B), point 
angle (C) were found to be significant model terms (P<0.05). The data indicate the model can be fitted at quadratic 
level. The model was not significant at linear and interactive level (P<0.1). 
 
4.2 Final equation in terms of actual factors.  
 
      MRR = + 2294.68 + 0.46639 * speed - 1859.72123 * feed - 40.40270 * point angle + 1.40228 * speed * feed + 
0.011512 * speed * point angle + 18.57481 * feed * point angle - 4.0780E-003 * speed2 - 606.3304 * feed2 + 
0.16802 * pointangle2 
 
        Using the above equation, the contour plots and 3D responses obtained are shown in Fig. 1 and Fig. 2. 
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Fig.1. Contour and 3D/ response surface graph plots for the effects of speed and feed on the MRR for HAMCs plate 
 
  
Fig. 2. Contour and 3D/ response surface graph plots for the effects of point angle and speed on the MRR for HAMCs plate. 
 
4.3 Interaction effect on MRR rate 
 
4.3.1 Interaction between speed & feed on MRR 
 
         The interaction is shown in the Fig.. 3, when the point angle is kept at constant of C= 115°, and feed is – B = 
0.75 (mm/rev.). In this graph the MRR is seen to increases as cutting speed is increased. At the same time it is 
necessary to mention that while keeping the value of feed + B  = 0.250 mm/rev., and  B = 0.75, the effect is 
insignificant as the trend is a curved line and very less change in the MRR, can be observed with respect to speed. 
 
 
 
 
 
 
 
 
 
Fig. 3. Interaction effect of speed and point angle on MRR 
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4.4 Optimized Result of HAMCs Plate 
 
      Based on the discussion above and the data available, the optimization of the input parameters or the drilling 
conditions can be summarized out with respect to the desired levels of output i.e. the better surface finish, oversize 
and better material removal rates.The optimum result of output parameter or response for the values of surface 
roughness 0.790 (micron) material removal rate 209.925 (mm3/min) and oversize is 0.025 (mm), at the input 
parameters, speed 280 (rpm) feed 0.2509 (mm/rev) and point angle 119.19° is selected and with 95% desirability 
The two results found in HAMCs plate are shown in the Table 3. 
 
Table 3. Optimization result for surface roughness, MRR, and oversize of HAMCs plate 
S. No. Speed  
(rpm) 
Feed 
(mm/rev) 
Point angle 
(°) 
MRR 
(mm3/min) 
Ra  
(micron) 
Oversize 
(mm) 
1 280.00 0.250 119.19° 209.925 0.790 0.025 Selected 
 
2 280.00 0.250 119.09° 209.179 0.757 0.023 
 
4.5 Analysis of MRR for AMCs Plate 
 
      The fitness and adequacy of the model was judged by the coefficient of determination (R2) and the significant of 
lack-of-fit. R2 which was defined as the ratio of the explained variation to the total variation was a measure of the 
fit. The coefficient of determination, R2, was 0.9878 for the regressed model predicting the material removal rate 
(MRR). The “Pred R- Squared” of 0.8763” was in reasonable agreement to the “Adj R-Squared” of 0.9768. “Adeq 
Precision” of 36.41 indicates about the adequacy of the model. The F-value for the model was 89.91 which is greater 
than tabulated F value indicating the adequacy of the model to predict material removal rate at different extraction 
(P<0.0500). Data indicate that lack of fit was not found significant. In the model, speed, feed, and, point angle, were 
found to be significant model terms (P<0.05). The data indicate the model can be fitted at quadratic level. The model 
was however not significant at linear and interactive level (P<0.1). 
 
4.6 Final Equation in Term of Actual Factors 
 
MRR = +11379.46624 – 0.061446*speed-477.30973*feed -196.8929*point angle +1.35330 *speed*feed+ 7.5450E-
003*speed*pointangle+ 5.17417*feed*point angle – 1.11324E-003*speed2+796.47311*feed2 + 0.84664*pointangle2 
 
a 
 
b 
 
Fig. 4. Contour and 3D/response surface graph plots for the effects of feed and speed on the MRR plate 
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4.7 Interaction Effect on MRR for AMCs Plate 
 
4.7.1 Interaction between speed & feed on MRR 
 
       The interaction is shown in the Fig. 5, when the actual factor of point angle is kept at constant value of 115°, 
and feed is – B = 0.075 (mm/rev). It can be seen in this graph that the material removal rate increases as cutting 
speed is increased while keeping the value of feed +B = 0.250 (mm/rev.) and point angle at 115°. The effect is 
insignificant as the trend is a curved line and very less change in the MRR, can be observed w. r. t. to the speed.   
 
4.7.2 Interaction effect of feed and point angle 
      The graph, when the actual factor of feed is kept constant at 0.16 (mm/rev) and –C representing point angle 
equal to 110°, and + C representing the value of point angle equal to 120°, while varying the speed from the 
minimum to the maximum value, also shows a significant interaction between the parameters. When the value of 
point angle is small – C, the MRR increases very sharply with speed but when the point angle is increased to + C, 
then there is slower increase in the MRR with the increased speed. Further, as the angle is increased to + C, there is 
a large increase in the surface roughness with increased feed. 
 
Fig. 5. Interaction Effect of feed and point angle on surface roughness for AMCs plate 
5. Conclusion 
 
     The surface roughness (Ra), material removal rate and oversize could be predicted effectively by applying 
spindle speed, feed rate, and point angle and their interaction in the multiple regression models. It is found that the 
feed rate is the most significant machining parameter used to predict the surface roughness in response surface 
methodology. In drilling operation, in case of HAMCs plate, the optimum result for MRR is 209.925(mm3/min), 
Roughness is 0.790 (μm) and Oversize is 0.025 (mm) while for AMCs plate, MRR is 273.403 (mm3/min), 
Roughness is 0.739 (μm), and Oversize is 0.0045 (mm). It is also concluded that to obtain better surface finish and 
optimum MRR for the specific test range in drilling,  use of high cutting speed (960 rpm), low feed rate (0.075 
mm/rev) and low point angle 110° are to be preferred to obtain better surface finish and material removal rate for the 
specific test range. Maximum diameter of drill of 12 mm is recommended for less taper. Further, it has been found 
that better machining is obtained in case of AMCs plate in comparison to HMACs.  
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